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Active Flow Control Methods for the Reduction of Trailing Edge Noise
Máté Szőke * and Mahdi Azarpeyvand † University of Bristol, Bristol, BS8 1TR, United Kingdom
The possibility of trailing edge noise reduction using active flow control is addressed in this paper. The boundary layer is altered with the help of uniform perpendicular and inclined flow injection and suction on a long flat plate upstream of a sharp trailing edge. The flow quantities have been measured using particle image velocimetry, hot-wire anemometry, and the surface pressure fluctuations using flush mounted miniature pressure transducers. It was shown that the proposed flow control methods are capable of reducing the noise over a wide range of frequencies. It was also revealed that the perpendicular blowing is effective in shifting the energy containing turbulent structures away from the wall, resulting in a significant reduction in the surface pressure spectra. The inclined blowing control method was capable of further reducing the surface pressure spectra, while maintaining low input power requirement. The perpendicular suction control was shown to be effective in the reduction of pressure fluctuations in the mid frequency regions, which quickly penetrates to the lower frequency downstream. The inclined suction control has also lead to significant reductions in the surface pressure fluctuations over a wide range of frequencies, while the required suction rate was kept considerably low. It has also been shown that the proposed active flow control methods can reduce the spanwise correlation length of the turbulent structures near the trailing edge. In general, results have shown that all proposed active flow control techniques can effectively alter the boundary layer structure and reduce trailing edge noise. 
Nomenclature

I. Introduction
T he past few decades have seen a rapid growth in the environmental noise pollution. Noise originated from the continuously increasing air traffic, the spread of wind farms and the rising number of turbomachinery operated (or assisted) machines have all contributed to the increase of our environmental noise. One seeking for the dominant noise source of the formerly listed applications, will find the jet noise and turbulent boundary layer trailing edge (TE) noise as of dominating noise component. After reaching the limitations of the jet noise reduction, more noise reduction effort turned toward the possibility of aerofoil noise, and in particular the TE noise reduction. To address the problem effectively, the underlying physics of TE noise generation first had to be investigated.
A deeper understanding of the TE noise generation was gained in the 1970s, [1] [2] [3] [4] [5] [6] [7] when several experiments had been conducted to quantify and investigate the trailing edge noise. Noise models, such as the BPM model, 8 TNO 9 model and Amiet's model, 5 etc., have been developed after describing the problem from a mathematical and modelling point of view. Both the experiments and the models revealed that when a turbulent boundary layer (BL) is convected over a sharp trailing edge, the hydrodynamic unsteady pressure fluctuations are scattered into sound in a dipolar manner. 6 The increase in the aerodynamics related noise has lead to stringent noise emission regulations. These limitations currently force the various applications to restrict their operating times. It is known that the future noise regulations can not be met by the use of currently available technologies. Improvements to achieve lower noise emissions are urged by aircraft and wind turbine manufacturers to meet the standards and to improve operational costs. The need for the TE noise reduction resulted in a challenging engineering problem directing the attention toward the development of different TE noise reduction methods. The currently available approaches can be categorized as passive methods and active methods. The examples of the former one include the application of TE serrations, [10] [11] [12] [13] [14] [15] [16] [17] TE brushes, 18, 19 porous material, [20] [21] [22] [23] [24] [25] surface treatments, [26] [27] [28] [29] shape optimization and morphing, 30 etc. The efficiency of the passive methods is limited to a given range of conditions and out of this range they might introduce undesired losses. The active methods intend to overcome these limitations and push the boundaries of the achievable noise reductions.
A significant advantage of the active methods is their controllability, while external power input is required for their operation. The power intake needs to be kept low enough to ensure a desired efficient operation. Attempts on the application of AFC systems for aerodynamic tailored purposes though commercial aircraft 31 test rigs have shown that there is a significant technology gap between the required power by the AFC system and the available power from the engines. 32 This gap originates by the fact that the energy requirement of AFC for aerodynamics tailored applications scales with approximately 10 −3 of the flow total energy. The energy of turbulence induced noise by contrast scales with 10 −6 portion of the flow total energy, therefore it is expected that AFC systems can be more efficiently applied for noise reduction purposes.
The active methods aim for the alteration of turbulence within the BL by flow injection or suction to achieve reduction in the generated TE noise. The effect of BL injection and suction, from turbulence point of view, has already been studied by various researchers including Antonia et al., 33, 34 Park and Choi 35 and Oyewola et al., [36] [37] [38] etc. Simulations have shown that even a low amount of flow rate (up to 10 % of free stream velocity) is sufficient for altering the boundary layer structure. Uniform flow injection can shift the near-wall vortices away from the wall 35 and further downstream of the AFC section their size and contribution to turbulence quantities increase. Uniform flow suction can bring streamwise vortices closer to the wall, while the viscous diffusion increases resulting in the break-up of the structures and in the reduction of turbulence intensities and Reynolds shear stresses. Experiments involving larger flow rates proved that total or partial relaminarisation can be achieved above a threshold value of flow suction. 34 It was also reported that below a limiting amount of flow rate, AFC has a negligible effect on the investigated BL properties.
There is a vast number of studies on the use of passive methods for aerofoil nose reduction, while there is a limited number of papers available on active methods. Injection from the TE into the wake or flow suction from the boundary layer upstream of the TE has been of main interest. [39] [40] [41] [42] [43] [44] The listed studies are either limited to low Reynolds number or to only the far field noise, 39 where it was shown that AFC can be a suitable candidate for far field noise reduction by reporting several decibels of achieved noise reduction. Detailed studies on the effect of the AFC on turbulence, and therefore on the generation of TE noise are required to find an effective way to reduce the TE noise.
Our study addresses the effect of both perpendicular and inclined blowing and suction on the main quantities determining the level of of the trailing edge noise, namely surface pressure spectrum, spanwise coherence, convection velocity, etc. Experiments involving the use of particle image velocimetry (PIV), hotwire and flush mounted microphones have been conducted on a flat plate to measure and investigate the turbulence properties of the boundary layer and the exerted surface pressure fluctuations on the plate. The measured changes and relationship between these quantities will be brought in relation to the far field noise generation with the help of Amiet's TE noise model. 
II. Experimental Set-up
A. Test Rig Set-up and Instrumentation
Experiments have been conducted in the open jet return-type wind tunnel facility of the University of Bristol. A long (L =1000 mm), zero pressure gradient flat plate ending in a sharp (12 • ) trailing edge have been built to achieve a well developed boundary layer. The overall view of the rig is depicted in Fig. 1(a) . Tests have been carried out at the uniform flow velocity of u ∞ = 10 and 15 m/s, corresponding to a Reynolds number of 0.67 and 1.0 million based on the length of the plate. The turbulence intensity of the flow in the test section is 1 %. Flush mounted electret microphones were used for the measurement of unsteady surface pressure fluctuations. A total number of 21 transducers were distributed both in the streamwise and spanwise directions close to the TE, see Fig. 1(b) . The miniature FG-23329-P07 type Knowles microphones have been calibrated prior to the measurements, and their uncertainty was found to be ±0.5 dB within the investigated frequency range assuming normal distribution of pressure fluctuations. 45 The microphones were mounted below a pinhole with a diameter of d = 0.4 mm. Schewe 46 reported that keeping the dimensionless pinhole diameter (d + = du τ /ν) below d + = 19, the attenuation of the pressure signal is negligible and the discontinuity introduced on the surface does not affect the boundary layer. The current configuration resulted in d + values ranging between 8 and 12, therefore the pressure attenuation introduced by the pinhole is negligible. Additionally, we applied the corrections proposed by Corcos 47 during the post processing of the microphone signals. Results will be shown at four particular microphone locations along the centreline (z = 0) referred to as m1, m2, m3 and m4, corresponding to x/L = -0.45, -1.46, -6.5, -9.9 %, respectively (see Fig. 2 ).
The Dantec 55P16 type single-sensor hot-wires were used to measure the turbulence properties of the streamwise velocity component along the y axis above the microphones m1-m4. The probes were operated by a Dantec StreamWare Pro CTA91C10 module at an overheat ratio of 1.8. They were calibrated in advance of the measurements on a daily basis and their uncertainty was found to be less then 0.5 %. The data was simultaneously captured by a National Instruments PXIe-4499 system at a sampling rate of 65,536 Hz (=2 16 Hz) for a time period of 16 seconds. The frequency resolution was set to 64 Hz during the post processing of the captured data.
Two-dimensional particle image velocimetry (PIV) was used in the low-turbulence wind tunnel facility 48 of the University of Bristol to investigate the flow structure between the AFC section and the TE of the flat plate. The Dantec DualPower 200 mJ Nd:YAG system creates a laser sheet of 1 mm thick with a corresponding wavelength of 532 nm. The time interval between the snapshots was 55 µs with a repetition rate of 2.5 Hz. The seeding of the flow was performed through the atomization of polyethylene glycol 80 resulting in particles of 1 µm diameter. A total number of 1600 images with a corresponding field view of 15 cm × 15 cm were recorded with a FlowSense 4 MP CCD camera (2078 × 2078 pixels, 14 bit) and analysed with Dantec DynamicStudio software. The applied correlation window was 16 × 16 with an overlap of 50 %. The active flow control system has been implemented on the rig between x/L = −12 to −15 % upstream of the TE, corresponding to a streamwise length of b = 30 mm, see Fig. 1 (b) . In this study, we have employed four AFC methods, namely perpendicular and inclined uniform blowing and suction, see Table 1 . The steady uniform perpendicular blowing and suction methods were applied through a 2 mm thick porous aluminium sheet with a porosity of 90 pores per inch (PPI). The steady uniform inclined blowing and suction was applied through a honeycomb structure built with the help of rapid prototyping technology. The width of the hexagon pores in the structure was 5 mm, the thickness of the honeycomb was 5 mm and the inclination of the pores was 30 • with respect to the x-axis, see Fig. 2 . The honeycomb pores were oriented upstream for the flow suction case (opposite to the flow direction) and downstream for the blowing case (in the flow direction), creating a favourable condition for the flow to enter or leave the material in both cases, see Fig. 2 . In order to reduce the disturbance of the boundary layer by the surface condition of the AFC treatment, the honeycomb structure was covered by a metal wire mesh.
B. Active Flow Control Methods
The severity of the suction is defined after Antonia et al. 34 as
where u AF C is the magnitude of the AFC velocity, u ∞ is the free-field flow velocity, b = 30 mm is the streamwise length of the AFC treatment and θ 0 is the momentum thickness of the non-disturbed boundary layer, i.e. σ relates the momentum of the boundary layer to the momentum of the AFC. Assuming that for turbulent boundary layers the momentum thickness can be approximated as δ ≈ 10 θ, one can infer that σ = −10 is equivalent to the elimination of the boundary layer, although Antonia et al. 34 reported relaminarisation at σ = −6.5.
It was revealed during the initial wind tunnel tests that the investigated active flow control methods can be effectively applied on boundary layers of different thickness. To properly study the effects of the AFC system, it is desirable to have a thick BL for the blowing case and a thin BL for the suction case. Mounting (a) an 80 grit 40 mm long sandpaper resulted in a well-developed thin boundary layer and (b) a 25 PPI 10 mm thick, 20 mm long porous aluminium block resulted in a thick boundary layer, see Table 1 . 
C. Amiet's Trailing Edge Noise Model
The dominant quantities driving the TE noise generation can be readily found from the TE noise models. One of the most widely used analytical models is that of Amiet. 5 The model aims to link the surface pressure fluctuations (φ pp ) to the far-field pressure power spectra (S pp ). It assumes frozen turbulence and large span to chord ratio. Amiet defined the far-field pressure power spectrum as
As seen in Eq. (2), the most important component in the model, driving the TE noise generation, is the surface pressure fluctuations (φ pp ) exerted on the surface by the turbulent boundary layer. These fluctuations, according to the model, are driven by the boundary layer and its turbulence properties, such as turbulent length scales (Λ 2 and Λ 3 ), turbulent shear stresses (∂u/∂y) and convection velocity (u c ). We aim to measure a number of these quantities and evaluate the effect of the proposed AFC methods on these parameters. Additional turbulence measures such as Reynolds shear stresses, frequency-energy content of the boundary layer, temporal cross and auto-correlation can also indicate the changes in the generated TE noise. A number of these quantities will be presented and discussed in the following sections.
III. Results
In this section the measured flow and surface pressure data will be presented and discussed. The hotwire probes were positioned above the m1-m4 locations and they were traversed within the boundary layer whilst data were collected simultaneously from the microphones and the hot-wire. The schematic of the trailing edge with the microphones is presented in Fig. 2 . The effects of the proposed AFC techniques will be discussed and the physical causes of any significant changes observed will be analysed. In what follows, we shall first present the results of the steady blowing, followed by the steady suction results. The effects of blowing on the boundary layer structure can be identified by studying the mean streamwise (u/u ∞ ) and root mean squared (u rms /u ∞ ) velocities. These quantities are studied using both the hot-wire and PIV results, as shown in Figs. 3 to 5. The wind tunnels used for the PIV tests and hot-wire measurements were different, causing some slight discrepancies in the scaling of the results, but it does not have a significant effect on the flow quality.
A. Steady Uniform Perpendicular Blowing
The PIV results presented in Fig. 3 give a good understanding on the flow structure before and after flow injection. The results indicate that the perpendicular blowing results in a flow separation downstream of the AFC section and that the flow reattaches before reaching the TE for both of the investigated blowing rates. The size of the recirculation zone is proportional to the introduced amount of fluid. The images reveal that the streamlines are only slightly affected by the blowing above the separation zone. We can therefore expect that the boundary layer thickness is not significantly increased by blowing. Results have also shown that the turbulence intensity (U rms /u ∞ ) first decreases compared to the baseline case downstream of the AFC section, but further downstream, after the recirculation eye, there is a significant increase in U rms due to the presence of shear layer above the separation zone. The same observations were made by Park and Choi 35 with respect to the flow turbulence content for the application of blowing. Figure 4 presents the mean velocity profiles for two different blowing rates (σ = 0.22 and 0.62) and the baseline case measured at the m1-m4 locations. The newly introduced fluid layer within the BL resulted in a significant momentum deficit below y/δ 0 = 0.2 at all locations, and a velocity overshoot at locations m1 and m2 between y/δ 0 = 0.2 − 0.6. This effect on the BL profiles, similarly to what Park and Choi 35 reported, is due to the uplift of the turbulent structures. These observations will be further discussed with the help of the streamwise velocity power spectral density plots presented in Fig. 6 . We can find an inflexion point in the velocity profiles of the blowing cases at location m1 close to the surface (y/δ 0 < 0.1), indicating a separated flow, in agreement with the PIV results in Fig. 3 . This inflexion was not experienced upstream of the TE indicating that the flow has reattached before reaching the TE. We can also see that as the boundary layer profiles are almost identical above y/δ 0 = 0.6 for all locations, the currently applied blowing does not have a significant effect on the boundary layer thickness, as shown in Table 2 . The boundary layer momentum and displacement thickness (θ, δ * ) were, however, significantly affected. This indicates that the treated BL carries a significantly less momentum than the baseline case. We can conclude from the u profiles that the introduced flow has a local near-wall effect on the boundary layer structure, whose effects are felt further downstream. Figure 5 shows the energy content of the streamwise velocity component (u rms ) within the boundary layer at the locations m1-m4. A significant reduction in the velocity rms profiles is observed at the location m1 below y/δ 0 = 0.6, while the flow energy content shows an increase downstream at locations m2 − m4 in the recirculation zone (y/δ 0 = 0 − 0.4). The point y/δ 0 ≈ 0.6 separates two flow regions at each location: below 0.6δ 0 , where the effect of blowing on u rms stems from the newly introduced flow layer, and above y/δ 0 ≈ 0.6, where the increase in u rms is originated from the uplifted vortices. The presence of a shear layer is clear from the shape of the four velocity rms profiles. They have a pointed shape below y/δ 0 ≈ 0.4 with a is clear from the shape of the four velocity rms profiles. They have a pointed shape below y/δ 0 ≈ 0.4 with a peak located at y/δ 0 ≈ 0.2. This layout, being a clear effect of blowing, encourages the flow to develop larger, energy containing turbulent structures as we move towards the TE. Similarly, Park and Choi 35 reported a growth in the turbulence intensity downstream of the blowing section and they attributed this effect to the reduced viscous diffusion. The changes in the energy-frequency content of the u velocity component with respect to the baseline case (σ = 0) are shown in Fig. 6 for the σ = 0.22 case within the boundary layer (∆φ uu = φ uu,AFC − φ uu,Baseline [dB/Hz]). The black contour lines in the plots represent the level ∆φ uu = 0 dB/Hz, separating the areas of energy increase and decrease. Following the discussion on flow energy content seen in the PIV images and hot-wire results, it is visible that the injected fluid could penetrate slightly less than 0.2δ 0 into the BL. This is indicated by the vertical zero level contour line at m1 slightly below 0.2δ 0 . The energy content of the streamwise velocity component was significantly reduced below 0.2δ 0 at the location m1 in the higher frequency region. There is a slight increase for frequencies below 600 Hz in this area, indicating that the flow at this location still has a larger energy content in the corresponding frequency range than the baseline case. From aeroacoustic point of view, it is important to reduce the energy content in the flow, therefore the goal is to introduce a flow into the BL that carries low energy content. Further reduction is observed at m1 and m2 between y/δ 0 = 0.2 and 0.6. This vertical range coincides with the formerly experienced velocity overshot region of u in Figs. 4(a) and 4(b). Reduction in the formerly presented u rms profiles at m1 and m2 were observed at the same y/δ 0 = 0.2 − 0.6 range. As we move towards the locations m2-m4, the development of larger structures is confirmed by the energy increase in the area of y/δ 0 < 0.3 and f <1 kHz. This is an effect of the formerly identified shear layer, where the development of larger energy containing structures were shown in Figs 3 to 5. The increase in the high frequency energy content in the near wall region may be driven by the flow reattachment that results in the development of a turbulent boundary layer. After the reattachment, the development of the near-wall small-scale higher frequency related vortices are more significant, shown in Fig. 6 as area of increased ∆φ uu . Based on the results presented in Fig. 4 to 6, one can conclude that after the reattachment point, the development of turbulent structures are significant in two regions, low frequency related vortices developed in the shear layer and high frequency related vortices developed in the near-wall region. In order to better understand the link between the main driving components of the generated TE noise, i.e the surface pressure fluctuations, and the velocity fluctuations, the coherence (γ 2 ) between the measured microphone and hot-wire signals has been investigated. This can help the better understanding of the contribution of velocity fluctuations to the surface exerted pressure fluctuations in the frequency domain. Figure 7 shows the baseline (no AFC) γ 2 (Fig. 7 (a) to (d) ) and the changes ( Fig. 7 (e) to (h)) in the measured coherence at locations m1 − m4 (∆γ 2 up = γ 2 up,AFC − γ 2 up,Baseline [−]). The newly introduced flow (below y/δ 0 ≈ 0.2) at the location m1 in Fig. 7 (e) splits up the figure into three regions along the y-axis. There is an increase in the coherence very close to the wall, above which an area of decreased ∆γ 2 pu can be observed followed by an area of increased ∆γ 2 up further away from the surface. The location of these changes coincides with the double peaks experienced in the u rms profiles above m1 (see Fig. 5 ). The separation in this case is indicated by the layered structure of γ 2 up . The decrease experienced at m1 is due to the low energy content injected flow, while the increase above y/δ 0 ≈ 0.1 is associated with the presence of the shear layer developed above the newly introduced fluid layer. The reduction in ∆γ 2 up fades away and turns into an increase further downstream, indicating that the velocity fluctuations in the wall-normal area are of y/δ 0 = 0 − 0.3 playing a more significant role in the exerted surface pressure fluctuations. Figure 8 shows the effect of blowing on the surface pressure fluctuations (φ pp ) at the locations m1-m4. The AFC has a clear visible broadband effect on the measured spectra. Downstream of the flow control section, at the location m1, a significant broadband reduction of up to 10 dB/Hz in φ pp is observed. This is originated from the previously seen complex effect of blowing, such as shifting the energy containing eddies farther away from the wall, while reducing their contribution to the surface pressure fluctuations and introducing a lower energy containing fluid layer close to the wall. As we approach the TE, the reduction in φ pp is less significant due to the development of the shear layer, as shown in Fig. 3 . An increase in the the lower frequency region is experienced further downstream, which is also originated from the development of a shear layer.
The previously presented results suggest that in order to maximize the TE noise reduction benefit of the system, the AFC treatment should be located close to the TE. To get a better estimate of the ideal location of the AFC, the changes in the surface pressure fluctuations is plotted in Fig. 9 (∆φ pp (x, f ) = φ pp,AFC − φ p,Baseline [dB/Hz]) as a function of the streamwise coordinate (x/δ 0 ) and frequency. The dashed lines represent the m1-m4 locations, and the zero level shown by a black contour line. In accordance with the findings in Fig. 8 , the results show that the blowing can significantly reduce the surface pressure fluctuations shortly downstream of the AFC section. It can be seen that for the current AFC method, the TE should be in the vicinity of the AFC section to fully exploit the reduction in the measured surface pressure fluctuations. At this location, the φ pp energy reduction is still reasonably high and the effects of energy containing structures within the shear layer is not yet felt on the surface. The convection velocity, which is also an important input parameter of Amiet's TE noise model, has been measured downstream of the AFC section using the streamwise microphones. The convection velocity can be calculated using two methods: (a) the phase shift calculated from the cross-spectra of two streamwise microphones (see Eq. (3) and Fig. 10(a) ), and (b) the corresponding phase lag associated to the peaks of the temporal cross-correlation of two streamwise microphones (see Eq. (4) and Fig. 10(b) )
The calculated convection velocities are listed in Table 3 . The calculation was not successful for m1 in the case of applied AFC, indicating the presence of flow separation and that the presenting structures were not strong enough to leave a significant pattern on the microphone signals. The phase shift based method was resulting in a generally lower u c values than the cross-correlation method. Results have shown that the use of blowing resulted in the reduction of the convection velocity, which is in agreement with the momentum deficit results previously seen in Fig. 4 . It is also clear from the results that the convection velocity decreases with increasing the blowing rate (σ). Table 3 . Measured convection velocities at locations m1 and m4 for the different perpendicular blowing rates (based on τ * : temporal cross-correlation approach, based on ∆f : cross-spectra approach) Another important parameter in Amiet's trailing edge noise model is the spanwise correlation length of the turbulent structures near the TE, which can be calculated using the coherence between the spanwise microphones near the TE. Figure 11 shows the changes in the spanwise coherence of microphone signals for the different blowing rates. It has been observed that the blowing can significantly reduce the coherence indicating the elimination of the coherent structures and the emergence of some new less coherent turbulent structures. As the spanwise coherence is an important parameter in the TE noise models, it can be concluded that its reduction will result in lower TE generated far-field noise.
B. Steady Uniform Inclined Blowing
The results in the previous section showed that perpendicular flow injection can lead to the boundary layer separation and some undesired effects. In order to reduce these effects, while maintaining the achieved reduction in the surface pressure fluctuations, an inclined blowing AFC method has been developed, capable of introducing flow at 30 • incidence with respect to the x-axis as shown in Fig. 2 . As before, hot-wire measurements have been carried ot at the locations m1, m2 and m4 for the inclined blowing case. The mean velocity profiles are shown in Fig. 12 . Comparing the results to the perpendicular blowing case, the first observation is that the inclined blowing does not result in significant velocity overshoot in the boundary layer. There is only a slight increase in the momentum at m1 between y/δ 0 = 0.2-0.5, which is not observed at the downstream locations. The velocity profiles show no inflexion in the case of inclined blowing, suggesting the lack of flow separation. There is a significant momentum deficit close to the wall, which becomes more pronounced downstream.
The velocity root mean square profiles, measured using single component hot-wire, are shown in Fig. 13 . The results of the σ > 0 cases at the location m1 show a complex flow structure. There is a significant reduction at location m1 in the presented rms profiles for σ = 0.9, while a slight overshoot for the σ = 1.1 case at y = δ 0 ≈ 0.2 has been observed. The amplitude of the second peak from the wall observed at m1 increases as the flow advances downstream. Similarly shaped velocity rms profiles were observed in the case of perpendicular blowing at m4, see Fig. 5 . There is a lower amount of increase experienced in the velocity rms profiles at the outer regions of the BL compared to the normal blowing case. The change in the frequency-energy content (∆φ pp ) of the streamwise velocity fluctuations within the boundary layer for the σ = 0.9 case is presented in Fig. 14. The trends are similar to those observed in Fig. 6 for the perpendicular blowing case. In the near-wall (y/δ 0 = 0 − 0.2) and the high frequency (f > 1 kHz) region a significant reduction has been observed. Another region of energy reduction is found in y/δ 0 = 0.2 − 0.6 below 1 kHz, which coincides with the area of the slight velocity overshoot shown in Fig. 12 . An increase in the energy content between the two area is observed. The amplitude of both the φ pp reduction and increase is lower in the inclined blowing case than for the perpendicular case. The measured surface pressure fluctuations downstream of the inclined blowing is shown in Fig. 15 . The applied treatment leads to a more significant reduction in the measured surface pressure spectra than the perpendicular blowing. At location m1, the spectra reached the background noise suggesting that significant reduction has been achieved. Quantitatively, the reduction was approximately 15 dB/Hz at location m1 slightly below 1 kHz. The achieved noise reduction is better conserved in this case than for the perpendicular treatment as the measured reduction in φ pp is still approximately 10 dB/Hz at m2. The previously seen build-up of lower frequency pressure fluctuations is also observed in this case, but it is much less significant than in the perpendicular blowing case.
The inclined blowing, compared to the perpendicular blowing, can lead to a delayed increase in the low frequency noise component. Based on the results in Fig. 16 , the treatment still needs to be located close to the TE to exploit its favourable effects on the surface pressure fluctuations. It is also visible in Fig. 16 that there is only a slight difference between the two presented blowing cases, and the lower σ was found to be slightly more effective in reducing φ pp than the higher σ. The coherence between the spanwise microphone signals is presented in Fig. 17 . Similarly to the perpendicular blowing case, a significant reduction in γ 2 has been observed over the whole frequency range of interest. This indicates an appreciable reduction in the coherence of the turbulent structures responsible for TE noise generation. The level of coherence reduction is found to be proportional to the applied blowing rate (σ). The use of flow suction for aeroacoustic purposes has been the subject of some recent studies. 39-41, 43, 44 In this section we shall study the effects of flow suction on the main quantities responsible of TE noise generation, namely, surface pressure fluctuations (φ pp ), convection velocity (u c ), lateral coherence (γ 2 ), etc. The PIV images presented in Fig. 18 reveal that the flow streamlines are brought closer to the wall after the use of flow suction and the velocity rms magnitude decreases downstream of the AFC section. This indicates that the application of flow suction results in the reduction of boundary layer size, which suggests that δ * and θ is also reduced as a result of flow suction. Figure 19 shows the BL mean velocity profiles measured using hot-wire anemometry. The suction affects the shear in the BL, especially at m4, by splitting it up into two distinct regions: a high velocity gradient region below 0.1δ 0 and a low velocity gradient region above this point. The boundary layer properties for locations m1 and m4 are listed in Table 5 with and without flow suction. The boundary layer thickness is more significantly affected for this treatment than for the blowing cases. The results in Table 5 indicates that the BL thickness increases right after the AFC location and as the flow advances downstream, the boundary layer thickness decreases to δ ≈ 0.6 − 0.7δ 0 , where δ 0 is the BL thickness for σ = 0. This is shown in Fig. 19(a) by the fact that the treated profiles do not reach the free-stream velocity even at 1.4δ 0 , indicating an increased BL thickness. Similar findings were observed by Park and Choi, 35 where a jump in the boundary layer momentum thickness was reported just downstream of the AFC slit, followed by a decrease further downstream. The boundary layer momentum thickness (θ) has been significantly reduced for the σ = −9 case by 70 % of its original value due to the increase of velocity magnitude within in the BL. The velocity rms results are presented in Fig. 20 . A significant reduction in the flow energy content is observed over the entire BL for all locations. It is not visible from Fig. 20 whether flow laminarization was achieved, hence further hot-wire and hot-film measurements are planned to find the suction rate required for full flow laminarization. The distance between the AFC section and the TE covers a distance of 5δ 0 and the results have shown that even in the case of modest flow suction, the flow does not recover to that of the baseline (σ = 0) case within this distance. This is in agreement with the findings of Antonia et al., 34 who reported that for σ = −2.6 the flow requires approximately 40δ 0 to return to its original state (x = 0, σ = 0). The treated profiles partially return to their original values in the near-wall region beyond the locations m2 and m4, which agrees with the findings of Park and Choi 35 and Antonia et al., 34 where the near-wall energy content of the streamwise velocity component was shown to return to its original value in near-wall energy content of the streamwise velocity component was shown to return to its original value in a short distance. The study also reported that as the turbulent structures were brought closer to the wall, the viscous dissipation increased downstream of the AFC treatment. This effect is going to be investigated with the help of additional PIV measurements. Figure 21 shows the observed changes in the frequency-energy content of the u velocity component along the boundary layer (∆φ uu [dB/Hz]) for the σ = −9 case. The flow suction results in a broadband reduction of the streamwise energy content within the entire presented domain at all locations. The reduction is most pronounced at the edge of the BL. An important observation of the presented plots is hidden in their similarity. This indicates that the achieved reduction remains approximately constant both in terms of amplitude and shape, unlike in the blowing case, where significant changes took place downstream of the AFC section in the flow. The amount of reduction observed at location m1 ( Fig. 21(a) ) below 0.4δ 0 is less significant, but this becomes more pronounced in the same area further downstream. This might be the indication of the increase in the viscous dissipation that reduces the amount of turbulent structures present in the flow. The reduction achieved closer to the wall (below 0.1δ 0 ) fades away downstream, in accordance with the rms results in Fig. 20 , which can be due wall induced turbulent structures. Additional PIV measurements are planned to further investigate these observations. The coherence between the measured surface pressure fluctuations and streamwise velocity component is shown in Fig. 22 . The figure shows the coherence for the baseline (Fig. 22 (a)-(d) ) and the observed changes with respect to the baseline for the σ = −9 suction case ( Fig. 22 (e)-(h)). Results have shown a high coherence near the wall and at low frequencies for the first location (m1) in the baseline case ( Fig. 22  (a) ), which is associated with the perturbation on the flow caused by the surface condition of the applied AFC system. An increase in ∆γ 2 up was observed for the σ = −9 case at the same m1 location. This might be an effect of turbulent structures being brought closer to the wall due to suction, and therefore an increase in their contribution to the measured surface pressure fluctuation. Further downstream of location m1, a decrease in ∆γ 2 up below y/δ 0 = 0.1 is observed, indicating that the coherence is nearly eliminated between the surface pressure and velocity fluctuations. The proper understanding of this phenomenon requires more in-depth studies and high quality PIV and hot-wire measurements.
The effect of the flow control suction on the surface pressure fluctuations downstream of the AFC section at locations m1 − m4 is presented in Fig. 23 . In agreement with the results presented Figs. 19, 20and 22 , where reduction in the energy content and coherence was observed, a broadband reduction is achieved in the φ pp plots. Just downstream of the AFC, there is a slight increase at the low frequencies in the measured pressure spectra, but as the flow advances downstream, this fades away. We can see an approximately 8 dB reduction in the mid frequency region at the first location for σ = −9 ( Fig. 23(a) ). This reduction decreases and it spreads to the lower frequencies further downstream. The discussion presented for Fig. 21 on the flow behaviour downstream of the AFC can be brought in relation with the measured surface pressure spectra. It was shown by the φ uu plots that the reduction at high frequency is higher closer to the AFC region and alongside with this, there was lower reduction (or even increase) at lower frequencies at m1 in the φ uu plots. As we move toward the TE, the high frequency reduction begins to fade away (see Fig. 21(d) ), but amplitudes at lower frequencies show further decrease. The same effects were found in the u rms , ∆φ uu and ∆γ 2 plots. Downstream of m1, the reduction in lower frequencies becomes more pronounced, while there is section, which was reported by Park and Choi. 35 The changes in the surface pressure spectra along the streamwise direction downstream of the AFC region for the σ = −9 case are presented in Fig. 24 . An area of φ pp increase is observed at low frequencies, separated by the black zero level contour line in the lower left corner. The energy increase disappears quickly by approximately 1.0δ 0 downstream of the AFC section. The figure indicates that the suction, in contrary to the of the blowing case, should be placed a few boundary layer distances upstream of the TE in order to ensure that significant reduction of the surface pressure fluctuations can be achieved. The effect of the implementation of AFC system on the convection velocity was assessed using the same phase-shift and cross-correlation based techniques as discussed in the perpendicular blowing case. The result of these two methods are presented in Fig. 25 . For the lower suction flow rate case it was possible to calculate the convection velocity but for the higher suction rate the methods failed to give reliable results. We can see that the phase jump based method generally underestimates the convection velocity, but the trends found by the two methods are the same. In contrary to the blowing case, the convection velocity increases as a result of the applied suction. This is in agreement with the findings of Fig. 19 and the measured thinner momentum thickness. One can interpret that the higher momentum containing BL passing over the surface is resulting in an increased convection velocity. The spanwise coherence of the pressure transducers in the vicinity of the TE is shown in Fig. 26 . The coherence in the case of the low suction rate shows a slight increase, while that for the high suction rate has been significantly increased. The experienced increase for the σ = −9 case can be an indication of flow laminarization and the presence of two-dimensional coherent turbulent structures associated with laminar two-dimensional flow. 
D. Steady Uniform Inclined Suction
It was anticipated that by inclining the direction of flow suction, as shown in Fig. 2 , it can further improve the performance of the AFC system. The flow suction has been applied at an angle of 30 • enabling the flow to smoothly enter into the AFC system. Figure 27 shows the mean streamwise velocity component at the m1-m4 locations. It is visible that the inclined suction has the same effect on the measured BL profiles as the perpendicular treatment. At the first location (m1), a reduction in u at the outer BL is observed, indicating increase in the BL thickness. Further downstream, there is an increase in the velocity magnitude within the boundary layer resulting in the reduction of the momentum thickness, similar to the perpendicular suction case. The energy spectra of the streamwise velocity fluctuations along the boundary layer at the m1 − m4 locations is shown in Fig. 29 . Similar observations can be made as in the perpendicular suction case. The flow suction resulted in a significant reduction in φ uu within the entire boundary layer, and this is more pronounced in the outer part of the BL and at high frequencies. The achieved energy reduction does not change significantly at different locations indicating that the inclined suction can lead to a stable reduction in φ uu along the streamwise coordinate.
The measured surface pressure fluctuation spectra at locations m1 − m4 is presented in Fig. 30 . Similarly to the perpendicular suction case, a uniform reduction is observed in the entire presented frequency domain. The tonal peaks at around 700 Hz is originated from the AFC fan system. The largest reduction is approximately 8 dB/Hz slightly below 1 kHz. The shape of the curves is roughly the same in the presented locations, confirming that the change is almost independent of the location and the recovery to the original state is slow. This indicates that the applied treatment has a significant stabilizing effect on the achieved noise reduction. The change in the surface pressure fluctuations along the streamwise coordinate downstream of the AFC is presented in Fig. 31 . In agreement with the findings on u rms , φ uu and φ pp , it can be seen that the reduction is almost constant along the streamwise domain. In the inclined suction case, no change in the φ pp spectrum was observed, unlike the perpendicular suction where changes in the high and low frequency region were experienced. Similarly to the results presented for the perpendicular suction case, it can be concluded that the inclined suction should be located upstream of the TE to exploit its favourable effects on the TE noise generation driving turbulence quantities. The coherence results for the spanwise microphones near the TE are presented in Fig. 32 . Similarly to the perpendicular suction case, the lower suction rate resulted in only a slight increase of γ 2 . The higher suction rate of σ = −4.2 increases the spanwise coherence but the increase is less significant than for the perpendicular suction case. The experienced increase is an indication of the changes in the flow structure, and in particular, the presence of two-dimensional turbulent structures, which becomes more coherent in the spanwise direction with increasing σ. 
IV. Conclusions
Four active flow control methods including perpendicular and inclined flow suction and injection methods have been investigated for the reduction of trailing edge noise. A comprehensive study is performed using a flat plate with sharp trailing edge to measure the two-dimensional flow field using particle image velocimetry, hot-wire and flush mounted microphones. The paper focuses on the effect of the proposed flow control techniques on the most important trailing edge noise driving components, such as surface pressure fluctuations, boundary layer properties and turbulent length scales, etc.
The investigated blowing control scenarios involved the perpendicular and inclined injection with low flow rates. Both methods resulted in the broadband reduction of the measured surface pressure power spectra. The blowing is effective in shifting the energy containing turbulent structures away from the wall, resulting in a reduction of 10-15 dB in the surface pressure fluctuations. The reduction fades away downstream for the perpendicular blowing case, especially in the low frequency region, due to the induced boundary layer separation. The presence of a shear layer over the separation zone encourages the flow to develop larger energy containing turbulent structures leading to the increase of pressure fluctuations downstream. The inclined blowing is capable of delaying and maintaining the development of energy containing structures, while it is more effective in the reduction of surface pressure fluctuations. It is concluded that the blowing flow control for aeroacoustic tailored purposes should be located close to the trailing edge.
The suction methods can result in a slightly lower reduction of surface pressure fluctuations, but they have a more stable and long lasting effect on the boundary layer. The achieved reduction of 8 dB in the surface pressure fluctuations using flow suction can last even several boundary layer distances downstream of the flow control section. The suction methods were capable of reducing the energy containing eddies resulting in the decrease of the turbulence properties both in the space and frequency domain. The measured pressure spectra showed further decrease at locations downstream of the flow control section, which is believed to be the effect of the break-up of the turbulent structures. The effects of the proposed injection and suction methods on the spanwise coherence of the boundary layer structures and convection velocity near the trailing edge were also studied and it was shown that they can help reshaping the boundary layer in order to reduce the trailing edge noise generation.
Our future work will involve the investigation of turbulent length scales, the resolution of the vorticity transport equation components using particle image velocimetry measurements, additional boundary layer correlation studies and far-field noise measurements. These will help us to better understand the effects of flow control on the trailing edge noise driving turbulence quantities.
